[1] This study presents the application of the hydrological model TopoFlow to the 7 Imnavait Creek watershed, Alaska, United States. It summarizes the hydrologically 8 important processes in this arctic basin, and focuses on the modeling of the hydrological 9 processes in 2001. The model is evaluated for its capability to reproduce the different 10 components of the hydrological cycle. Model simulations are done for different climate 11 change scenarios to evaluate the impacts on the hydrology. Imnavait Creek ($2 km 2 ) is 12 underlain by continuous permafrost, and two features characterize the channel network: 13 The stream is beaded, and numerous water tracks are distributed along the hillslopes. 14 These facts, together with the constraint of the subsurface system to the shallow active 15 layer, strongly influence the runoff response to rain or snowmelt. Climatic conditions vary 16 greatly during the course of the year, providing a good testing of model capabilities. 17 Simulation results indicate that the model performs quantitatively well. The different 18 components of the water cycle are represented in the model, with refinements possible in 19 the small-scale, short-term reproduction of storage-related processes, such as the beaded 20 stream system, the spatial variability of the active layer depth, and the complex soil 21 moisture distribution. The simulation of snow melt discharge could be improved by 22 incorporating an algorithm for the snow-damming process.
[2] The presence of permafrost is the primary factor 29 distinguishing arctic from temperate watersheds. Permafrost 30 underlies approximately 24% of the exposed land area in the 31 Northern Hemisphere, making it a significant proportion of 32 the land mass [Romanovsky et al., 2002] . The permafrost 33 condition is a crucial component in its influence on many of 34 the hydrologic processes in the arctic and subarctic environ-35 ments. The presence of permafrost significantly alters 36 surface and subsurface water fluxes, as well as vegetative 37 functions [Walsh et al., 2005] . Permafrost dominates micro-38 climatology and the thermal regime, including evapotrans-39 piration [Hinzman et al., 1996 [Hinzman et al., , 2006 . Permafrost controls 40 water storage processes and the energy and water balances 41 [Boike et al., 1998; Bowling et al., 2003] .
42
[3] Hinzman et al. [2005] point out that the primary 43 control on hydrological processes is dictated by the pres-44 ence or absence of permafrost, but is also influenced by the 45 thickness of the active layer, the thin layer of soil overlying biogeochemical processes occur in this zone [Kane et al., 50 1991a; Walsh et al., 2005] . The conditions for plant growth, 51 gas fluxes, groundwater flow regimes, and soil formation 52 are all limited and to some extent determined by the active 53 layer [Boike et al., 1998 ]. The permafrost beneath the active 54 layer limits the amount of soil water percolation and 55 subsurface storage of water [Vörösmarty et al., 2001] .
56
Whereas nonpermafrost soils allow a deep groundwater 57 system, the subsurface movement of water in permafrost-58 affected soils is largely confined to the shallow active layer.
59
Therefore lateral flow is more important than in nonperma-60 frost soils [Slaughter and Kane, 1979] . These characteristics 61 have a large impact on the runoff response. Permafrost 62 generally accelerates the initiation of runoff [McNamara et 63 al., 1998 ]. As the water movement through the near-surface 64 soils is relatively fast, the runoff response to precipitation is [8] It is crucial to study the impacts of a changing climate 121 on arctic water balances, as many processes are directly or 122 indirectly influenced by components of the hydrological 123 cycle, e.g., soil moisture, runoff, and evapotranspiration. 124 However, the question if the arctic tundra will get wetter or 125 drier is not a simple one as all the components interact with 126 each other. In the Siberian arctic, for example, there is 127 evidence of decreasing lake abundance despite increases in 128 precipitation [Smith et al., 2005] .
129
[9] Changes to the water balance of northern wetlands are 130 especially important because most wetlands in permafrost 131 regions are peatlands, which may absorb or emit carbon 132 depending on the depth of the water table [ACIA, 2004; 133 Walsh et al., 2005] . In this way, hydrologic changes will 134 have global implications. Other important feedbacks to 135 global warming are the albedo feedback and the weakening 
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139
[10] The study presented here is an application of the 140 TopoFlow model, described in detail by Bolton [2006] the summer thawing months [Kane et al., 1989] .
191
[13] Imnavait Creek is a north draining, first-order stream.
192
The stream is beaded, meaning that the channel connects 
219
[15] Runoff leaving the basin is usually confined to a 220 period of 4 months, beginning during the snowmelt period 221 in late May until freeze-up in September. Spring runoff is 222 usually the dominant hydrological event of the year [Kane 223 and Hinzman, 1988] , typically producing the annual peak 224 flow, and about 50% of the total annual runoff volume. 225 Stream flow almost ceases after extended periods of low 226 precipitation, whereas intense summer rainfall events pro-227 duce substantial stream flow. Whether runoff is produced 228 from rainfall events during the summer is strongly related to 229 rain intensity and duration and antecedent soil moisture 230 conditions [Kane et al., 1989] . Furthermore, the runoff 231 response depends on the snow cover (see section 5.2), the 232 state of the active layer, and mechanisms related to the [Woo and Steer, 1983; Woo, 1986] . [Woo and Steer, 1983] , and late summer and early fall 256 rainstorms provide a recharge of soil moisture. [Hinzman and Kane, 1992] .
293
[18] Another model was applied to the same study area by 294 Stieglitz et al. [1999] . The simple land surface model 295 TOPMODEL was used to explore the dynamics of the 296 hydrologic cycle operating in arctic tundra regions. The 297 model accounts for the topographic control of surface 298 hydrology, ground thermal processes, and snow physics. 299 This approach relies only on the statistics of the topography 300 rather than its details. This has the advantage of being 301 computationally inexpensive and compatible with the large 302 spatial scales of today's climate models. However, the 303 authors report several deficiencies, such as that the model 304 performance in temperate watersheds is superior to that for 305 arctic watersheds. This is attributed to the neglect of snow 306 heterogeneity, which poses a real obstacle toward applica-307 tion on an arctic-wide basis. Furthermore, the representation 308 of a seasonally changing connectivity of waterways (e.g. the 309 beaded stream system) is seen to be difficult on a statistical 310 base. As such, TOPMODEL is capable of simulating the 311 overall balances, but shortcomings exist in the hydrograph 312 simulation and soil moisture heterogeneity with high tem-313 poral resolution.
314
[19] A third modeling study with an application to Imna-315 vait Creek is presented by Zhang et al. [2000] . Here a 316 process-based, spatially distributed hydrological model is 317 developed to quantitatively simulate the energy and mass 318 transfer processes and their interactions within arctic 319 regions (Arctic Hydrological and Thermal Model 320 (ARHYTHM)). The model is the first of this kind for areas 321 of continuous permafrost and consists of two parts: the 322 delineation of the watershed drainage network and the 323 simulation of hydrological processes. The last include 324 energy-related processes such as snowmelt, ground thaw-325 ing, and evapotranspiration. The model simulates the dy-326 namic interactions of each of these processes and can 327 predict spatially distributed snowmelt, soil moisture, and 328 evapotranspiration over a watershed as well as discharge in 329 any specified channels. Results from the application of this 
382
[22] The development of soil moisture heterogeneity and 383 its correct reproduction in models is crucial for the evalu-384 ation of its impacts on surface water and energy fluxes 385 [Boike et al., 1998 ]. TopoFlow addresses these issues 386 through (1) its spatial distribution that explicitly models that aid in handling the spatial variability, such as the 391 distribution of permafrost versus nonpermafrost, the active 392 layer depth, and the snow pack distribution; and (4) by 393 providing a flexible structure that allows the user deal with 394 different data types or the lack of measured parameters.
395
[23] The hydrological simulation is initiated some hours 396 prior to snowmelt with the end of winter snow pack 397 distribution used as input. TopoFlow supports the degree 398 day and the energy balance method for snowmelt. For 399 evapotranspiration, two methods are provided to account 400 for different availability of input data: the physically based 401 energy balance and the semiempirical Priestley-Taylor ap-402 proach. TopoFlow allows the spatial distribution of impor-403 tant parameters, such as meteorological variables or 404 coefficients, soil moisture content, soil parameters, and 405 snow pack distribution.
406
[24] At the time of this study an instantaneous infiltration 407 method was available, and the three different flow processes 408 (channel flow, overland flow, and subsurface flow in the 409 shallow active layer) were incorporated into the model with 410 Darcy's law and Manning's equation [Schramm, 2005] . 411 Further improvements of the infiltration and percolation 412 process, such as the finite difference solution of the 413 Richards equation, Green-Ampt, and Smith-Parlange, have 414 recently been incorporated [Bolton, 2006] its channel network, and watershed boundaries.
447
[28] The DEM is used in RiverTools to generate several 
485
[31] Measurements collected from 2001 to 2003 are used 486 in this study. Soil data from former studies complete the 487 data collection. Sensors for air temperature, air pressure, 488 wind speed, wind direction, relative humidity, radiation, soil 489 temperature, and precipitation measure automatically. Ex-490 cept for the radiation measurements (March to September) 491 the recording takes place throughout the year. All meteoro-492 logical data used in this study are conducted at the Imnavait 493 basin site. Liquid precipitation is measured using a tipping 494 bucket rain gage equipped with a windshield. The threshold 495 sensitivity of the tipping basket is 1 mm of rain, and the 496 undercatch is estimated to be 5% (D. L. Kane, personal 497 communication, 2007) . The precipitation data used in this 498 study have not been corrected to consider the undercatch. 499 Stream discharge is estimated from stage data using a stage-500 discharge relationship. Discharge is measured from the 501 beginning of the snowmelt until freeze-up. In July 2004, 502 measurements were carried out at Imnavait Creek to obtain 503 values for Manning's roughness parameter used in the 504 modeling. These measurements were taken at two locations 505 close to the flume station with both sections being several 506 meters in length. An average value of 0.01 s/m 1/3 was 507 determined, but is likely to be underestimated due to 508 measurement restrictions [Schramm, 2005] .
509
[32] The shallow soils consist of a layer of about 10 cm of 510 organic material over 5 -10 cm of partially decomposed 511 organic matter mixed with silt which overlays the glacial 512 till. Generally, there is a thicker organic layer in the valley 513 bottom ($50 cm) than on the ridges ($10 cm). The soil 514 parameters used in this study are based on a representative 515 profile measured by Hinzman et al. [1991] .
516
[33] Values for the annual active layer depth are based on 517 Circumpolar Active Layer Monitoring (CALM) measure-518 ments (http://www.geography.uc.edu/~kenhinke/CALM/ 519 sites.html). The depth is measured each summer at the latest 520 possible date prior to the annual freeze-up. The instrument 521 used is a metal rod that is pushed vertically into the soil to 522 the depth at which ice-bonded soil provides firm resistance. 523 This determines the maximum depth of thaw (MDT). For 524 Imnavait Creek, approximately 120 measurements are taken 525 and averaged each year.
526
[34] The position of the water table used in this study is 527 interpolated from measurements of volumetric soil moisture 528 content made using time domain reflectometry sensors at 529 seven depths within the soil profile at three sites located on 530 the west facing slope of the watershed [Overduin, 2005] . 592 account for the thawing of the soil. The soil is divided into 593 layers of 10 cm, down to the maximum depth of thaw 594 (MDT). During the course of the summer the thawing of the 595 soil progresses and hydraulic conductivities are gradually 596 (layer by layer) changed from frozen to unfrozen. The 597 gradient controlling how the thaw depth evolves with time 598 is determined by the a TD value. The a TD value is calibrated 599 such that (1) during the initial thawing the input files match 600 soil temperature recordings, and (2) at the end of the season 601 the MDT matches the CALM grid measurements. Figure 3  602 shows the evolution of a gradually thawing active layer 603 when used as a model input for 2001 and corresponding 604 values obtained from measurements.
605
[40] When this study was conducted, the model did not 606 allow the use of spatially distributed hydraulic conductivi-607 ties and the thawing of the soil representing conductivities 608 at the same time. In the case of a whole summer runoff 609 simulation the thawing of the soil is an important factor and 610 cannot be neglected. Thus the simulations are done on 611 spatially homogeneous soil parameters.
612
[41] In this model, overland flow occurs when the water 613 table rises above the surface. It is assumed that all of the 614 water from precipitation or snowmelt is instantaneously 615 infiltrated, meaning that the percolation time from the 616 surface to the water table is neglected. The water content 617 in each element may change with each time step, and the 618 total storage capacity of each element may also increase or 619 decrease as the active layer thaws.
620
[42] The crucial factor in determining overland and chan-621 nel flow is the roughness parameter in Manning's equation 622 . In this study the coefficient is 623 subjected to calibration within the range of values obtained 624 from field measurements and literature [Maidment, 1992; 625 Emmett, 1970] . For channel flow the channel bed width 626 must be specified as well. Runoff accounts for 54%, 60%, and 67% of the water 643 budget. The total amount of evapotranspiration is 48%, 644 42%, and 28% of the water budget. In each year the winter 645 snow pack is a major source that adds water to the system.
646
For the years of this study it accounts to 33-41% of the originates from a snow/rain event in late summer.
668
[47] The influence of the antecedent soil moisture con- The onset of simulated discharge after snow melt occurs for initial SWE is used as an input, whereas in reality the 747 variability of snow distribution with topography is pro-748 nounced [Kane et al., 1991b; Hinzman et al., 1996] . 
822
[62] Figure 11 shows simulated hydrographs where the 823 effect of water tracks (described in section 2) on the 824 hydrograph is tested. The first simulation is based on 825 the channel network depicted in Figure 2 , whereas in the 826 second simulation the water tracks are leveled to the 827 adjacent surface elevation. The simulation indicates that 828 the existence of water tracks accelerates runoff and leads to 829 higher amplitudes in the hydrograph than would be present 830 without them. Including water tracks improves the simula-831 tion result when compared to the measured hydrograph 832 [Schramm, 2005] . Concerning the impact of soil parameters 833 on subsurface flow, model studies reveal that the MDT has 834 the highest influence, followed by the porosity and the 835 hydraulic conductivity [Schramm, 2005] . [63] As arctic temperatures and precipitation increase, 839 there remains uncertainty on how the additional input of 840 freshwater will be partitioned into streamflow and evapo-841 transpiration. The interactions are further complicated by a 842 contribution of melted ground ice to base flow when 843 increasing temperatures deepen the active layer during 844 summer. An open question is whether a change in climate 845 will lead to a drying of the soil or to wetter conditions.
846
[64] Global and regional climate models predict different 847 changes for the future climate state of the arctic depending 848 on the warming scenario as well as on model performance. additional precipitation results in a higher R/P and ET/P 873 ratio [Schramm, 2005] . Here the increase in runoff is 
